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Wp  hTve  fe««4-Ui4t  the  oxygen  enhancement  of  the  lethality  of  X-ray  irradiation 
of  dilute  suspensions  of  Escheri  chi  a col  i is  strikingly  diminished  by  super- 
oxide dismutase  or  by  catal'se,  added  to  the  suspending  medium.  Jhis  impli- 
cates both  O^"  and  H2O2  as  agents  of  the  O.E.R.  Since  02'  and  HoOo  have 
previously  been  seen  to  lead  to  the  production  of  OH-  in  biochemical  systems,  -* 
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j::wtr-tested  the  effectsof  scavengers  of  such  radicals.  As  expected,  mannitol  or 
histidine  also  decreased  the  O.E.R. 

Since  catalase  and  superoxide  dismutase  could  be  shown  not  to  move  from 
^ the  medium  into  the  cells,  the  protections  caused  by  these  enzymes  were  due 
I to  actions  in  the  suspending  medium.  Hence  Oo"  and  HoOo  generated  in  the 
i medium  are  intermediates  in  the  O.E.R. 


We  have  actually  worked  on  a number  of'Yelated  problems  during  the 
tenure  of  this  grant  and  a bibliography  of  the  papers  published  by  us, 

I during  this  time  is  appended. 

( The  abstracts  from  selected  papers  will  give  a good  idea  of  the  work  which 
Iwe  have  accomplished  under  the  Army  grant. 


1/ 


Oist.  AV/UL.  and  'r.i  Sf'-i-IA: 


AR0-12U10.1-L 

Treat  compilation  of  abstracts  of  re- 
prints as  a final  report  per  J. 
Sparks,  ARO 


SFCURlTV  Cl  ASSinCATlOW  OF  ThI<  PAr.FrWhmm  Dmfm  Fmfmemrfi 


The  Journal  of  Bioi.oc.ical  ('hemistrn 
Vol. No  15.  Issue  of  AukunJ  lU.  pp  GH)7  6112.1975 
Printed  tn  ( ' N A . 


Isolation  and  Characterization  of  a Manganese-containing 
Superoxide  Dismutase  from  Yeast* 


fHcueivfd  for  publualion,  January  H).  19751 


S.  D.  FUviNnKANATI!  AND  I.  FhIDOVICH 

From  the  Department  of  Biochemistry,  Duke  Uniuersity  Medical  Center,  Durham,  North  Carolina  27710 


'riie  cyanide-insensitive  superoxide  dismutase  ot  veast  has  been  shown  to  Ue  localized  in  the 
mitochondrial  matrix,  f'his  enzyme  has  been  isolated  in  good  yield  from  bakers’  yeast.  Its  molecular 
weight  IS  Hti.lHH).  It  is  a letramer.  being  coinposed  o(  four  siil)units  <>1  etpia!  size  Kxj)osute  l<»  sodium 
dodecN  I sullate  at  1(K)®  caused  dissoi  iation  into  dimers,  wlule  similar  treatment  but  in  the  presence  ol 
2 tnercapt*)elhanol  caused  complete  dis.sociation  into  monomers  I bis  enzvme  contains  I atom  ot 
manganese  |)er  subunit  and  its  absorption  in  the  \ isible  suggests  Mntllll  in  the  resting  enzyme. 
Ascorbate  caused  [lartial  bleaching,  presumably  by  reduct  ion  to  Mn(  II ) The  ammo  ai  id  mm  posit  ion  was 
determined.  This  enzyme  has  activity  comparable  to  that  ol  other  previously  reported  superoxide 
dismutases  and  like  the  * huken  mitochondrial  and  the  batlerial  en/vmes.  its  rate  <il  reaction  wilti 
tails  as  ihe  pH  is  raised  above  7,S  Crvstals  o!  high  qualitv  were  easiK  prepared 


Siiperoxale  dismutases,  which  are  unapie  among  enzvmes  in 
that  their  substrate  is  a tree  radual  have  been  isolated  and 
siurlied  fn>m  a variety  ol  respiring  organisms.  I’liey  serve  the 
purpose  ot  mut  mg  t he  loxicit  v of  molecular  owgen  b>  l atalyt  i- 
c.ilK  scavenging  the  superoxide  tree  raduab  by  wav  ol  the 
reaction  (),  t Oj  t 2H  • NzO,  ♦ Oj  II).  Superoxide 
dismutases  bearing  copf^er  and  zmc.  or  manganese,  of  iron 
h.ive  been  described.  These  have  been  found  in  specific  places. 
Thus,  the  (ojiper  and  zinc  i*n/vmes  are  i haracterist ic  ol  the 
(\t«isols  of  eukarvotic  cells  (1);  the  iron  enzvmes  have  lieen 
found  in  bacteria  (2  I)  and  in  blue  green  algae  lo.  lb  and  the 
manganese  mntainmg  en/smes  have  been  seen  in  haiteiia  (7. 
H)  and  in  mitochondria  <91  Studies  ot  ammo  aud  setpienct's 
have  demonstrated  that  tlie  manganese  and  the  iron mntain 
ing  super<»xide  dismutases  Irom  Fsthtruhia  tnh  are  closely 
related  to  the  manganese  iiuitaiiuiig  in/vine  Irom  chuken 
liver  milochoiofn  1 whereas  the  cop|)er  and  /im  en/vme  Irom 
bovine  erythrocytes  was  unrelated  to  anv  of  the  others  t HP 
I’his  result  has  obvious  iniplu  at  ions  concerning  the  i»rigin  of 
tiiitix  hondria  (11).  I'luis  tar.  only  one  miioi  lioiwlnat  superox 
ide  rlisinulase  has  been  isolated  and  that  w.is  obtained  from 
chicken  liver  19),  I uriiur  studv  of  the  evolutionarv  implita 
tions  of  the  close  relationshp)  between  th<-  prokarvoiu  anrl  the 
mitochondria!  en/vmes  re<piires  that  atidiiional  mitoehomlrial 
siiperoxide  dismutases  f>e  studied  A cr)ppiT  and  /im  idiitam 
mg  superoxide  dismutase  has  been  isolated  Irom  veast  t IJ)  and 
was  fmind  to  be  similar  to  the  <‘orrespondmg  en/vtnes  found  m 
the  cyt<»sols  of  other  eukarvotic  lells  We  here  report  the 
isolation  ol  a manganese  containing  superoxide  liismiitase 
from  Snccharomyve.s  ct’revistae.  which  afipe.irs  to  be  localized 

• '!  hiH  work  was  Hupixirted  in  full  bv  Research  (irants  (iM  H)2H7 
frmn  the  Nat  lonal  Inst  itiites  of  Health  and  Uf)RI’  IP  124 10  b trorn  ( he 
United  Slatr.H  Army  Ordinarue  Research  Ollne 


m the  mitochondria  ot  this  organism  and  wliose  properties 
•dicaie  a close  relationship  to  the  t hicken  liver  milochoiulnal 
enzyme 

MMFHIM.S  IVNU  MKHUIUS 

('vltH'hrome  c.  ivpe  Ilf.  and  nilrohlue  letrazoliurn  were  obtained 
from  the  Sigma  (hemual  (’o..  v^lule  c arimxvmet  hv  I cellulose  and 
diet hviamino  et hv I i ell u lose  were  pr<Klu<  is  c»l  the  Reeve  Angel  ('o  The 
mn  exHiange  lelhiluM's  weri'  alternau  In  wa'-lied  with  0.5  m NaOM 
water,  and  0 5 m IR  'I  W aler  was  u>ed  to  wash  aw  av  the  acid  or  alkali 
and  the  i)K.-\K  ielUilose  in  (he  alk.dine  form,  was  linallv  eipidihrated 
with  water  while  the  (‘M  (ellulose.  in  the  acid  torm,  was  eipiilihrated 
with  tiul  M Midaim  at  elate  al  pH  7 2 .Air  dried  haker'.’  veavi  was  a 
prodtu  ( til  the  I- lei'-i  hm.in  Co  C.dt  lum  ptiosphate  gel  wa".  prepared 
according  U*  Keilin  and  Harlree  If  ti  Xanthine  oxuiasv  was  preparetl 
Irom  t ream  at  cording  to  Rrad\  1 1 1 1 

Superoxati  dismni.ise  wa>  a>s.ived  eithe  r m terms  ot  its  .ihditv  to 
inliihit  the  rednition  cit  tvtothrome  c hv  milk  x.inihme  oxidase  plus 
xanthine  I iTu  or  Ihe  redintion  ol  nitroiiliie  (elra/olmm  hv  a photo 
(hemual  flux  ol  O,  t l»»l  The  latter  ass.n'^  were  t>erlormed  at  2.5®  hv 
mixing  10  ml  of  0 05  m |>otassitiin  phosphate  laifler  at  pH  7H 
((•ntainmg  u I niM  KliT.A.  0 1 ml  ol  I niv  nilrohlue  teira/oliuni.  0 15 
ml  of  II  ) M methionine.  Ui  ot  o pi  idm  nlNillavin  and  en/v  me  sample 
plus  water  to  a linal  volume  of  .1  u ml  and  hv  then  ex|Mising  this 
mixture  to  l1uort''<en(  light,  at  >uch  interisitv  that  the  ahsorhance  at 
‘»'»o  nm  in  the  ah'»ence  ot  en/v  me  increaserl  al  a rale  ol  0 Oo/nun  One 
unit  ol  su^MToxide  disnuii  .ise  was  did ined  as  that  amount  whii  h t aused 
5U‘ » inhibit  am 

The  « vtiH'hrome  c reduction  assav  for  super(»xide  dismutase  activity 
WHS  2 .5  fold  less  sensthse  than  was  (he  phoiiK'hemical  nilrohlue 
tetra/olium  reduction  U'^say  Thus,  one  unit  of  activitv  in  (he  former 
assav  equal. (I  2 5 units  m Ihe  latter  assav  Klectniphoresis  on 
polvacrv  lamide  gels  was  (>ertormed  according  lo  Davis  tl7»  and 
suiK'roxide  dismutase  at  livii v was  I«k  ali/ed  on  < hesL*  gels  as  prev  lousK 
desirpM'd  (Pi)  The  evanide  sensitive  copfM'r  and  zinc  eontaining 
en/vme  was  diPerentiated  from  the  cyanide  insensitive  maiigHiiese 
(onlammg  en/yme  hv  tH-rlonning  these  aitivitv  stains  in  the  presr-nce 
and  m the  ahserue  ol  niillimolnr  evantde  (91 

The  moleiular  weight  ol  the  en/vme  was  determined  by  (he  method 
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A Convenient  Calibration  of  the 
Clark  Oxygen  Electrode' 

I lu'  Use  of  pl.isiR-  coveu'd  pl.itimini  elccin'ilcv  1 1 ) fur  the  polarugraphic 
esiiniaiiun  ut  dissolved  uNsgen  has  become  routine  in  studies  of 
oxygen  ciuisuming  reactions  The  problem  of  calibrating  these  electrodes 
has  been  soKed  m several  w a\  s Admittedly,  the  simplest  of  these  is  to  use 
the  known  solubilitv  of  oxygen,  m coniiinction  with  its  paitial  pressure  in 
air.  to  c.ilculate  the  concentration  of  ().,  in  an -et)uilibrated  solutions.  I'his 
calculated  concentration  can  then  be  set  to  full  scale  on  the  microammeter 
being  iiscil  to  measiiic  the  curieni  due  to  reduction  of  oxygen  at  the 
electiMdc.  fills  method  kicks  piecision  bec.iuse  it  is  sensitive  to  the  ionic 
strength  anil  the  tempeiatuie  ol  the  solutnni  iluimg  calibiation  and  to  the 
partial  pressuie  v>f  oxygen  in  the  enviionmcnt.  .uul  it  does  not  allow  for 
c.ilibi.UH'ii  at  a sensitivity  gieatei  th.in  2 4 s HI  'm  O.,  = full  scale.  .An 
eai  Iv  chemical  method  of  calibration  used  known  amounts  of  N. A OH  . in  the 
piesence  ol  submiiochoiuli lal  p.u tides , to  ci'iisume  knviwn  amounts  of 
oxygen  (2)  I he  necessity  ol  prep.uing  submitoclumdrial  pailicles  for  use 
111  this  nieilu'd  was  eliminated  by  Kobinson  and  ( iioper  l.f).  who  ulili/ed 
the  cai.ilyiic  prv'perties  of  phena/mium  methy Isulfale  to  oxidi/e  known 
amounts  ol  N ADU  I'alalase  vv  as  .iKo  used  in  this  methiid  to  convert  H 
III  H ( ),  and  thus  to  eliminate  impi  ecismn  vine  to  the  variable  yields  of  these 
two  ledui  lion  piodiicls  ii|  ( Still  .inolhei  meltu'd  I't  calibr.ition  ulili/ed 
xanthine  oxulase  plus  x.milime  to  consume  kiunvn  amounts  iif  ().^  (4|. 

■A  mclhod  vdiich  eiilnely  .ivouls  the  use  ot  eii/vmes  and  which  is  based 
oiib,  upon  ic.ulily  .iv.ul.ible  .uul  inexpensive  compounds  is  ilesirable . Ue 
now  de  sc  1 1 be  sue  h .i  method  vv  hu  h is  b.ised  onlv  upon  phenv  Ihy  dra/ine  and 
feme  y.iiiide  I'henvlhvvli.i/me  is  e)iiite  st.ible  in  acid  solutions,  but  in 
neuii  .il  to  alkaline  solutions  it  slow  I y .uiioxidi/es  by  way  of  an  exceedingly 
cv'mplex  anioc.il.ilvtic.  Iiee  ladic.d  di.iin  re.icluin  1^1  I’heny Ihydra/ine  is 
i.il'ullv  oxivli/evi  to  pheny  liinnmie  bv  lei i is  v.inule  (bl.  .md  phenylvliimide 
le.ulsvc'iy  i.ipully  withO.t'l  I he  inelhoil  ilesciibed  below  exploits  these 
pu'peiiics  ol  phenv Ihv ill .i/ine  in  the  pieseiicc  ol  leiiicy.mide 


I’hcif,  Ihy  ill  .i/ine  hvdiochloiide  was  obi.imed  liom  the  .Sigma  ('hemical 
iiiip.mv  and  poi.issuim  leiiicv.mnle  vv.is  obt.nnevi  fiom  M.ilheson. 
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The  Oxidation  of  Phenylhydrazine;  Superoxide  and 
Mechanism^ 

H:ifa  P.  Misrft  and  Irwin  Fridovich* 


ABSTRACT;  Thc  oxidation  of  phenylhydrazine  in  buffered 
aqueous  solutions  is  a complex  priKcss  involving  several  in* 
fcrmedtares.  It  can  be  initiated  by  metal  cations,  such  as 
in  which  case  FDTA  acts  as  an  inhibitor  II  can  also 
be  initialed  by  oxyhemoglobin;  in  which  case  chelating 
agents  do  not  interfere.  SuperoxIde  radical  is  both  a product 
of  this  reaction  and  a chain  propagator  Thc  formation  of 
Oj"  could  be  demonstrated  in  terms  of  a reduction  of  ni* 
trublue  ictrazoliuni.  which  was  prevented  by  superoxide  dis- 
mutase  The  importance  of  C>:'  in  carrying  the  reaction 
chains  was  shown  by  the  inhibition  of  phcn)lh>dra7ine  oxi- 
dation by  superoxide  tiismulase  Hydrogen  (scroxide  accu- 
mulated during  the  reaction  and  could  bi*  detected  with  cat- 
alase The  progress  of  this  oxidation  could  be  monitored  in 
terms  of  oxygen  consumption  and  by  following  increases  in 
absorbarice  at  280  or  320  nm  The  oxidation  was  markedly 
aulocatalytic  and  superoxide  dismutasc  had  the  effect  of  ex- 
tending thc  lag  period  Thc  absorbance  at  280  nm  w'as  due 


Phenylhydrazine  has  long  been  known  as  a hemolytic 
agent  (Warburg  c(  al  . NH;  I eniberg  .ind  I egge.  1942; 
Reaven  and  White.  19541  and  has  been  shown  to  increase 
thc  production  of  1(2^):  within  intact  human  erythrocytes 
(Cohen  and  Hochstein.  1964)  Several  of  thc  effects  of 
phenylhydrazine  are  oxygcn-dcpendcni  These  include  its 
inactivation  of  papain  (Allison  and  Swam,  1973).  amine  ox- 
idase (Palck  and  Hellcrman.  1974).  lactoperoxidase  and 
triosephosphatc  dehydrogenase  (Allison  ct  al  . 1973).  horse 
radish  peroxidase  and  thyroid  peroxidase  (Midaka  and  Ud- 
enfriend.  1970;  Hidaka  ct  al.  1970),  its  inhibition  of  the 
respiration  of  mitochondria  and  of  siibmilochondrial  parti- 
cles (Asami.  1968).  and  its  dc>ensiti7alion  of  grasshopper 
muscle  (McDonald.  19^2)  Aside  from  the  involvement  of 
phenyidiazcne  as  an  intcrmcdi.ite  ((.'aiiquis  and  Ocnies. 
|96K;  llano.  1970).  the  catalytic  effect  of  C u'*  (Fberson 
and  Pcfsson.  1962.  Audncih  and  Ogg.  1951)  and  the  for- 
mation of  HjO}  (Cohen  and  Hochstem,  1964.  Audrieih  and 
f)gg.  1951).  very  little  is  known  about  the  air  oxidation  of 
phenylhydrazine  m buffered  aqueous  solutions 

I he  fcdusiion  of  m«>lccular  oxygen  to  lDO>  frequently 
occurs  in  univalent  steps  with  O2 ' as  an  intermediate  This 
has  been  shown  to  be  (he  case  during  ihr  reduction  of  oxy- 
gen by  epinephrine  l^lisra  and  Fndovich.  1972bl.  pyrogal- 
lol  (Markiund  and  M.irkiund,  1974).  oxyhemoglobin 
(Misra  ,ind  fridovich.  J973c).  reduced  ferredoxins  (Misra 


* l-rnm  thc  Dcpartmcni  o(  Huxihcmniry  Duke  llnivcroiy  Mcdica) 
< e/r<er  hurhsm.  N/wih  < 2^7)0  /ifirntd  Jyttf  9 19^S  This 

work  *•»  tupporicd  m part  b>  Research  (trams  (iM  and  Ml 

|7h0t  tuytn  ihc  National  inililuies  of  Health.  Helhcvta.  Md  . and 
RDHP  IP  124(0  t from  the  t'S  Arms  Ordinance  Research,  fhir 
ham  N r' 


to  an  intermediate  which  First  accumulated  and  was  then 
consumed  This  intermediate  appears  to  be  benzenediazon- 
lum  ion  The  absorbance  at  320  nm  was  due  to  a stable 
product,  which  was  not  identified  The  time  course  of  oxy- 
gen consumption  paralleled  the  increase  in  absorbance  at 
320  nm  and  lagged  behind  the  changes  at  280  nm  Exog- 
enous benzencdiazonium  ion  accelerated  (he  oxidation  of 
phenylhydrazine  and  eliminated  the  tag  phase.  Benzenedia- 
zonium  ion  must  therefore  react  with  phenylhydrazine  to 
prixluce  a very  reactive  intermediate,  possibly  phenyldi- 
azenc  A mechanism  was  proposed  which  is  consistent  with 
thc  data  The  intermediates  and  producis  of  the  oxidation  of 
phenylhydrazine  include  superoxide  radical,  hydrogen  per- 
oxide. phenylhydrazyl  radical,  phenyldiazene,  and  ben- 
zenediazonium  ion  This  is  a minimal  list:  others  remain  to 
be  detected  and  identified  It  appears  likely  that  the  diverse 
biological  effects  of  phenylhydrazine  are  largely  due  to  the 
reactivities  of  (hese  inicrmediates  and  products. 


and  Fndovich,  1971)  and  leucoflavins.  hydroquinones,  and 
ihtols  (Misra  and  Fndovich.  1972a.  Misra,  1974)  It  there- 
fore seemed  reasonable  (hat  this  might  also  be  true  of  the 
oxidation  of  phenylhydrazine.  in  which  case  O?"  and  other 
radical  intermediates  would  have  to  be  considered  as  possi- 
ble agents  of  the  biological  effects  of  (his  compound  The 
ability  of  02~  to  reduce  nitroblue  tetrazolium  (Beauchamp 
and  Fndovich.  197 1 ) and  (he  availability  of  superoxide  dis- 
mutases,  which  catalytically  scavenge  Oz'  (Fndovich. 
1974).  provided  the  means  for  probing  the  oxidation  of 
phenylhydrazine  The  report  which  follows  describes  studies 
of  the  mechanism  of  oxidation  of  phenylhydrazine  O2". 
phenyldiazene,  and  benzencdiazonium  ion  appear  to  be  in- 
lermediales  and  a tentative  mechanism  is  proposed  While 
this  work  was  m progress.  0;~  was  reported  to  be  a product 
of  the  oxidation  of  phenylhydrazine  by  oxyhemoglobin 
(Goldberg  and  Slern.  1975) 

Materials  and  Methods 

//emog/oAin  Heparinized  human  blotxl  was  centrifuged 
and  the  erythrocytes  were  washed  three  times  with  isoiontc 
saline  and  were  then  lysed  by  admixture  of  an  equal  volume 
of  water  ('cll  stroma  were  removed  by  centrifugation  at 
IOO(X)Og  for  I h A small  amount  of  NasSjOx  (—1.0  mg/ 
ml)  was  added  to  ensure  complete  reduction  of  thc  hemo- 
globin. which  was  then  separated  from  smaller  molecules  by 
gel  exclusion  chromatography  of  12  ml  of  the  lysate  on  a 4 
X 80  cm  column  of  Sephadex  G-75.  which  had  been  equili- 
brated and  was  eluted  with  niirogcn-purgcd  0 OS  M potassi- 
um pboxphaie  0 10  M KOai  pH  7 4 The  hemoglobin-con- 
taining eluale  was  found  to  be  free  of  superoxide  dismutase 
Il  was  converted  to  oxyhemoglobin  by  oxygenation  and  to 
methemoglobin  by  treatment  with  potassium  ferncyanide 
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The  Mechanism  of  the  Activity-Dependent  Luminescence  of  Xanthine 

Oxidase  ’ 


Ei.LKN  K HOncSON  and  IKWIN  KHIDOVIPH 

Oe/Hirtnient  af  liuKhemtstry . Dukv  I’ntierstly  SfvUtcu'.  ('tnn-r.  Durham.  .ViirM  Caruhna  27710 

Kfciivcd  ,|uru*  !i0,  1975 

i hf  Wfak  lunuiiBscencB  Ihal  tiKcotiipaiues  tha  aatohia  xanthiDo  uxidaM.*  reaction  is 
inhibited  hv  superoxide  disniulase.  by  catalase-,  and  by  scaveiit’ers  of  hydroxyl  radicals 
it  IS  also  entirely  de(H'ndent  upon  the  presence  ol'cai  iKinale  It  thus  appears  that  the  Oj 
and  II, ()j  proeiuced  durinp  the  aeroluc  action  ol  xanthine  oxidase  interact  to  generate 
on  which,  in  turn,  reacts  wuth  cariioiiate  to  yield  the  carbonate  radical  iC'O,  I The 
species  that  is  directly  responsilile  lor  lipht  emission  apjK*ars  to  be  produced  by  a 
dimerization  of  carlionate  radicals,  since  the  li^ht  intensity  was  a function  of  the  square 
of  the  carixrnate  concentration  The  data  provide  no  reason  to  suppose  that  the  liuht- 
emitting  species  is  singlet  oxygen 


Xiinllime  oxidase  cati.ses  a weak  Itiitii- 
nescence  while  etitaly/ing  the  aeiohic  oxi- 
dation of  its  stihstrafes  (1,  2).  Arneson  t.'j) 
observed  that  this  limimescence  was  in- 
hibited by  catalase  or  by  superoxide  dismu- 
tase  and  deduced  that  Ixith  Os  and  H..O., 
were  essential  intermediates  in  the  liphl- 
producinj;  pnK-ess.  Since  it  had  previously 
been  sugb’t*-'‘t‘“fl  il-Hi  that  siaftlet  oxyTten 
could  emit  in  the  visible  by  the  formation 
of  dimers,  followed  by  poolinft  and  simult;i- 
neous  emission  of  excitation  enertry,  Arne 
son  i3i  concluded  that  the  emitting  species 
in  the  xanthine  oxidase  reaction  was  sin- 
ftlet  oxygen  produced  by  the  Ibllowing  reac- 
tions 

o,  t u,(),  on  V on  . o,  (Ai 
on  s (),  ♦ OH  , o,-  IH) 

More  recently  StaiilT  and  co-workers  i7) 
hiTve  shown  that  the  luminescence  accom- 
panying the  oxidation  of  fLO;,  by  |H‘rio- 
date,  previously  attributed  to  singlet  oxy- 
gen, is  actually  dependent  upon  carlxmate. 
liiey  suggested  that  the  actual  emitting 
species  was  poKiuced  by  a reaction  involv- 
ing carbonate  radicals.  We  have  reinvesti- 

’ This  work  wns  supporttMi  in  full  by  rosoarch 
grants.  No  (IM  I02H7  from  thr  National  Institutes 
of  Heallh,  Brlhesda.  Md  . ami  No  KI»RP  IP  12^101. 
from  the  Unit<*d  States  Army  Research  OffVe.  I>ur 
ham,  N.  C 


the  production  of  light  during  the 
xiinthineoxidaxse  reaction  and  have  demon- 
strated tliat  carlxjnate  is  essential  for  this 
luniine.scence.  'I'he  actions  of  caUilase,  su- 
peroxide disrnutase  and  scavengers  of  hy- 
droxyl radical  were  also  reinvestigaU*d, 
and  the  results  lead  to  a reaction  scheme 
that  accounts  for  the  properties  of  this  sys- 
tem 

MATKRIAl.S  AND  MKTHOOS 

Xanthine  oxMiase  was  prepared  from  cream  by  a 
pn>cedufe  lliat  avoids  proteolysis  l8)  Catalase  was 
fnun  Cheriuciil  Company  and  was  freed  of 

eontainimiting  .sujH'ro.xide  divmutase  i9)  by  repeatcMi 
w*iwhing  on  .in  XMllMiA  I)i.»l1o  ultraftltratiun  mem- 
brane obtained  from  the  Anneon  Corporation  Cata- 
actoity  was  assaved  at  2.')'’C  by  the  method  of 
Beers  and  Si7er  1 10).  The  manganese-containing  su- 
peroxide  dismutase  was  prepared  from  Escherichia 
volt  us  previously  de.scribed  ill)  The  acetaldehyde 
used  was  freshly  distilled  daily  All  other  materials 
used  were  reagent  grade  Luminescence  measure- 
ments were  made  with  either  a Nuclear  Chicago 
Mark  I liquid  scintillation  counter  or  a Packard  Tri- 
('arh  scintillation  spectrometer.  Model  3003  In 
either  case  the  coincidence  circuit  was  turned  off 
and  the  signal  from  a control  viai  was  subtracted 
from  the  signal  given  by  the  luminescent  reaction 

RKxSULTxS 

The  Dependence  upon  Carbonate 

Whtm  4 X 10  ^ M xanthine  oxidase  cata- 
lyzed the  oxidation  of  10  mM  acetaldehyde 
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Superoxide,  Hydrogen  Peroxide,  and  Singlet  Oxygen  in  Lipid 
Peroxidation  by  a Xanthine  Oxidase  System* 

(Keceived  lor  publication.  July  21.  1975) 

Edwin  Welles  Kellogg,  III  and  Irwin  Fridovich 

From  the  Department  of  liiochemi.stry\  Duke  University  Medical  Center,  Durham,  North  Carolina  27710 


1.  Xantbino  oxidase  acting  aerobically  upon  acetaldehyde  was  tound  to  cause  the  peroxidation  of 
linolenate.  This  was  demonstrated  by  increased  absorbance  at  2M.'i  nm  due  to  diene  conjugation  and  by 
the  detection  of  a lipid  peroxide  spot  on  thin  layer  chronialograms. 

2.  Superoxide  disiniitase  inhibited  tins  lipid  peroxidation,  as  did  catalase,  thus  indicating  that  both 
O,  and  HjO,  were  essential  intermediates.  Scavengers  of  singlet  oxygen  also  inhibited  the  peroxidation 
of  linolenate.  whereas  scavengers  of  hydroxyl  radical  did  not.  These  effects,  which  were  observed  in  the 
absence  ol  iron  salts,  led  to  the  pro))osal  that  O,  and  HiO.  can  directly  give  rise  to  singlet  oxygen,  as 
follows:  O,  ■ H,(),  - OH  , OH  , (),' 

1).  1 his  proposal  was  further  supported  through  the  use  of  2.5  dimethylfuran.  as  an  indicating 
scavenger  ol  singlet  oxygen  Thus,  when  this  compound  was  exposed  to  a known  source  of  singlet  oxygen, 
It  gave  a product  which  was  detectable  by  thin  layer  chromatography.  I'his  prodint  was  also  observed 
when  2,.‘)-dimethyllurun  was  exposed  to  the  xanthine  oxidase  system,  in  which  case  its  accumulation  was 
prevented  by  superoxide  disniutase  or  by  catalase,  but  not  by  sca\engers  ot  hydroxvl  radical. 


There  recently  has  been  a surge  of  interest  in  the  peroxida- 
tion of  lipids  This  interest  follows  upon  the  early  observations 
by  Hochstein  e£  ai.  tl -2a)  of  an  enzymatic,  NAUl’H-dependent 
oxidation  of  microsomal  lipids,  and  it  derives  from  the  obvious 
importance  of  unsaturated  lipids  for  the  structural  and  func- 
tional integrity  of  biological  membranes.  This  literature  is 
ample  but  its  impact  is  unclear.  Iron  salts  and  chelating 
agents,  such  as  ADI’  or  KD'l'.A.  have  bi-en  used  routinely  by 
most  workers  because  they  have  appeared  to  augment  the  rate 
of  lipid  peroxidation.  I’ederson  and  Aust  t-’i,  41  noted  that 
xanthine  oxidase,  while  acting  aerobically  upon  xanthine, 
could  cause  lipid  peroxidation  .Since  scavengers  of  (),  and  of 
singlet  oxygen  inhibited,  they  concluded  that  (),  , generated 
by  xanthine  oxidase,  gave  rise  in  turn  to  singlet  oxygen  which 
was  then  the  immediate  cause  of  the  lipid  (leroxidalion  I'he 
reactivity  of  singlet  oxygen  with  unsaturated  lipids  (,5  8) 
makes  this  a very  reasonable  supposition.  Superoxide  dismu- 
tasc  has  been  used  repeatedly  to  expose  the  involvement  of  O, 
in  the  chain  of  events  leading  to  lipid  peroxidation  by  the 
xanthine  oxidase  system  (3,  4.  9,  10),  but  the  presence  of 
chelated  iron  salts  adds  a complicating  factor  which  hinders 
interpretation  of  these  data.  In  one  study  (11),  the  xanthine 
oxidase  system  was  seen  to  mount  an  oxidative  attack  upon  the 
lipids  of  lysosomal  membranes  In  this  case,  superoxide  dismu- 
tase  augmented  lysis  rather  than  inhibiting  it,  and  OH  was 

* This  work  was  supported  in  full  by  Research  Grants  OM  10287  and 
HL-17fi03  from  t)ie  National  Institutes  of  Health.  Bethesda.  Maryland 
and  RnKT  I-P-12I40-L  from  the  United  Slates  Army  Research  Office. 
Durham.  .North  Carolina  27709 


implicated  as  the  causative  agent  Here  too,  iron  salts  were 
present  to  cloud  the  issues. 

It  seemed  necessary  to  explore  the  co-oxidation  of  unsatu- 
rated li|)ids  by  the  xanthine  oxidase  system,  under  simple  and 
well  defined  conditions,  so  that  mechanisms  might  be  dis- 
cerned more  readily  I'he  peroxidation  ol  linolenate  has  been 
sludietl  in  this  way  I'be  results  ol  these  studies  and  the 
mechanism  they  suggest  lorni  the  basis  ol  this  rejiorl 

MATEKIAlJi  AND  METHODS 

Thiobarliituric  acid,  inaninlol.  d (arotenc,  i.  ascorbic  acid,  calutuse, 
bovine  senini  ulbumin,  and  hemoglobin  were  oliiuined  Ironi  the  Sigma 
('heiiiual  Co  The  catal.ise  was  ot  i .isioiially  duily/.ed.  to  tree  it  ol  a 
thymol  |>reservative,  and  it  was  also  treed  ol  a minor  contamination 
with  superoxide  disinulase  Ii>  rejiealed  washing  over  an  XM-tlX)  A 
Diallo  iiltralillralion  membrane  Irom  the  Amicon  ('orp.,  without  any 
etiect  on  the  results  .Starch  (Soluble.  Limner)  and  t-bulyl  alcohol  were 
purctiased  Irom  the  Fisher  Scientific  f'o  KD'VA  and  trichloniacetic 
acid  were  from  Malhesitn.  Coleman  and  Bell,  while  ixilassium  iialide 
and  lerric  chloride  were  trom  Baker  and  Adamson.  Linolenic  acid  was 
ohtained  from  Mann,  and  was  stored  in  eacuu  at  20°.  Potassium 
phosjihales  were  from  J T.  Baker  and,  unless  otherwise  specified, 
buffers  made  from  these  salts  were  passed  through  a Chelex  100 
column,  to  remove  trace  metals  I'he  Chelex  100  was  Irom  Bio  Rad 
LalKiratories.  Inc.  Dimelhoxyethane,  trom  Kastman  Chemical  Co.,  was 
stored  over  metallic  sodium  and  was  passed  through  a column  of 
alumina,  to  remove  peroxides,  on  the  day  ot  use  2,5-Dimethylfuran, 
2.5  diphenylluran,  and  1.4  dia’ahicyclo|2.2.2)oclane  were  purchased 
from  the  Aldrich  ('hemical  Co  I'he  dimethylfuran  was  distilled,  and 
the  traction  collected  lietween  83  85°  was  used  where  indicated  In 
other  cases,  it  was  used  as  sup(ilied  Diphenylluran  was  recrystallired 
from  95'4  ethanol,  while  dia/abicycliaictane  was  recrystallized  from 
aietone  Superoxide  dismutase  from  Ixivine  erythrocytes  was  purified 
liy  'I'ruett  Laboratories  as  previously  descrilied  (12)  It  was  freed  of 
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The  Interaction  of  Bovine  Erythrocyte  Superoxide 
Dismutase  with  Hydrogen  Peroxide:  Chemiluminescence 
and  Peroxidation^ 

Fllen  K.  Hodgson  and  Irwin  Fndovich* 


AHSIRACT:  Reaction  of  bovine  erythrocyte  superoxide  dis- 
niutase  with  H -Oi  was  accompanied  by  a luminescence 
whose  intensity  was  a function  of  the  concentration  of  H.'O;! 
and  whose  duration  was  coincident  with  the  inactivation  of 
the  en/yme  by  this  reagent  Oxygen,  which  protected 
against  inactivation,  also  diminished  the  luminescence  Sev- 
eral other  compounds  which  prevented  the  inactivation  by 
ll'Oi  also  mollified  the  luminescence.  Thus  urate,  formate, 
and  tricthylamine  inhibited  luminescence  whereas  imidaz- 
ole and  xanthine  augmented  it  These  seemingly  contrary 
effects  can  be  explained  b>  assuming  ih.ii  the  compounds 
which  protected  the  enzyme  were  peroxidized  in  competi- 
tion with  the  sensitive  group  on  the  enzyme  The  lumines- 
cence arises  because  that  group  on  the  enzyme  was  oxidized 
to  a product  in  an  electronically  excited  state,  which  could 

T 

1 he  preceding  paper  (Hodgson  and  I ridovich.  1975)  de- 
scribes the  inactivation  of  the  copper-  and  zinc-containing 
superoxide  dismutase  by  H Ov  .\  mechanism  was  proposed 
in  which  IHO;  first  reduces  the  Cu’*  and  then  reacts  with 
the  Cu*.  so  generated,  to  give  a potent  oxidant,  which  re- 
mains bound  to  the  metal  This  bound  oxidant,  in  turn,  at- 
tacks an  adjacent  histidine  residue  and  so  destroys  the  in- 
tegrity of  the  catalytic  site.  In  the  course  of  these  studies  we 
observed  a chemiluminescence  during  the  reaction  of  HiO; 
with  the  enzyme  and  noted  additionally  that  superoxide  dis- 
mutase  can  act  as  a peroxidase.  Since  superoxide  dismutase 
IS  often  used  as  a test  for  in  oxidative  and  in  chemilu- 
minescent reactions  and  since  H.-Oj  is  often  a product  of 
such  reactions,  this  peroxidative  action  of  superoxide  dis- 
mutase can,  if  not  appreciated,  lead  to  misinterpretation  of 
the  observations  The  chemiluminescence  and  the  peroxida- 
tions which  accompany  the  interaction  of  superoxide  dismu- 
tase with  HsOj  were  therefore  studied  both  to  gain  under- 
standing of  their  mechanisms  and  to  expose  the  dangers  of 

' From  Ihc  Dcparlmcnl  of  Hiixhcinislry,  IZukc  Umicrsily  Medical 
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return  to  the  ground  state  by  emitting  light  Imidazole  and 
xanthine  gave  electronically  excited  products  whose  quan- 
tum efficiency  was  greater  than  that  of  the  group  on  the  en- 
zyme. whereas  urate,  formate,  and  tricthylamine  gave  prod- 
ucts with  much  lower  luminescent  efficiencies  This  super- 
oxide  dismutase  could  catalyze  the  peroxidation  of  a wide 
range  of  compounds,  including  ferrocytochromc  c,  Uiminol, 
diphcnylisobcnzofuran,  dianisidine,  and  linoleic  acid  In 
control  experiments,  boiled  enzyme  was  inactive.  This  per- 
oxidative  activity  can  lead  to  uncxpecled  effects  when  su- 
peroxide dismutase  is  added  to  I l.'O-producing  systems,  as 
a probe  for  the  involvement  of  O-'.  Several  examples  from 
the  literature  arc  cued  to  illustrate  the  misinterpretations 
which  this  previously  unrecognized  peroxidative  activity 
can  generate 


uncritically  applying  superoxide  dismutase  as  a test  for  Os" 
in  peroxide-generating  systems 

Materials  and  Methods 

The  manganese-containing  superoxide  dismutase  was 
prepared  from  F.Sihenchia  coh  as  previously  described 
(Keele  et  al.,  Id70)  I iiminescent  intensity  was  measured 
wiih  the  photometer  described  by  Mitchell  and  Hastings 
(1971)  which  was  calibrated  with  the  stable  standard  light 
source  described  by  Hastings  and  Weber  (1963).  Some  of 
the  measurements  were  made  with  a Nuclear  Chicago 
Mark  I liquid  scintillation  counter  with  the  coincidence  cir- 
cuit inactivated  Rales  of  change  of  absorbance  were  re- 
corded with  a Oilford  Model  2000.  The  absorption  spec- 
trum of  cytochrome  c was  recorded  with  an  Aminco  DW  -2 
whereas  the  spectrum  of  linoleic  acids  was  taken  with  a 
Cary  Mixlel  I .S  The  bleaching  of  diphenylisobenzofuran 
was  followed  al  410  nm  (Merkel  el  al.,  1972).  The  perox- 
idation of  dianisidine  was  followed  al  460  nm  (Fridovich, 
1963)  .Ml  other  materials  and  priKedures  were  exactly  as 
described  in  the  preceding  paper  (Hodgson  and  Fridovich, 
1975) 

Results 

Chcmiluntineacence  Admixture  of  superoxide  dismutase 
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(Reprinted  from  Biochemistry.  (1975)  14,  5294.) 

C(»pyright  1975  by  the  American  Chemical  S(X*iety  and  reprinted  by  permission  of  the  copyright  owner. 


The  Interaction  of  Bovine  Erythrocyte  Superoxide  Dismutase 
with  Hydrogen  Peroxide:  Inactivation  of  the  Enzyme^ 

Ellen  K.  Hodgson  and  Irwin  Fridovich* 


ABSTRACT:  Bovine  erythrocyte  superoxide  dismutase  was 
slowly  and  irreversibly  inactivated  by  hydrogen  peroxide. 
The  rate  of  this  inactivation  was  directly  dependent  upon 
the  concentrations  of  both  tHO.  and  of  enzyme,  and  its  sec- 
ond-order rate  constant  at  pH  10.0  and  25°  was  6.7  Af 
sec~'.  Inactivation  was  preceded  by  a bleaching  due  to 
rapid  reduction  of  Cu'^  on  the  enzyme,  and  following  this 
there  was  a gradual  reappearance  of  a new  absorption  in  the 
visible  region,  which  was  coincident  with  the  loss  of  catalyt- 
ic activity  Inactivation  of  the  enzyme  was  pH-dependent 
and  indicated  an  essential  ionization  whose  pX'a  was  ap- 
proximately 10.2  Replacement  of  H2O  by  D.O  raised  this 
pA'a  but  did  not  diminish  the  catalytic  activity  of  superoxide 
dismutase,  measured  at  pH  10  0.  Several  compounds,  in- 

c 

Ouperoxide  dismuiases  catalyze  the  reaction  Oj”  -h  O?” 
+ 2H*  -•  HjO.  + Oi.  By  thus  .scavenging  Oj”  they  serve 
to  protect  respiring  cells  against  its  deleterious  reactivities. 
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eluding  xanthine,  urate,  formate,  and  azide,  protected  the 
enzyme  against  inactivation  by  HyOs.  Alcohols  and  benzo- 
ate, which  scavenge  hydroxyl  radical,  did  not  protect.  Com- 
pounds with  special  affinity  for  singlet  oxygen  were  similar- 
ly ineffective.  The  data  were  interpreted  in  terms  of  the  re- 
duction of  the  enzyme-bound  Cu’*  to  Cu*,  by  HyOy,  fol- 
lowed by  a F enton's  type  reaction  of  the  Cu'*^  with  addition- 
al HyOs.  This  would  generate  Cu’^'^-OFF-  or  its  ionized 
equivalent,  Cu''*'-0-“,  which  could  then  oxidatively  attack 
an  adjacent  histidine  and  thus  inactivate  the  enzyme.  Com- 
pounds which  protected  the  enzyme  could  have  done  so  by 
reacting  with  the  bound  oxidant,  in  competition  with  the 
adjacent  histidine. 


The  superoxide  dismutase  of  bovine  erythrocytes  is  charac- 
teristic of  the  corresponding  enzymes  found  in  the  cytosols 
of  eukaryotes  and  it  is  the  most  thoroughly  studied  of  these 
enzymes  (Fridovich,  1974,  1975).  Its  molecular  weight  is 
.32000  and  it  is  made  up  of  two  identical  subunits,  each  of 
which  contains  one  Cu^'*'  and  one  Zn^*.  X-ray  diffraction 
analysis  has  shown  (Richardson  et  al.,  1975)  that  the  Cu^'^ 
and  Zn^*  are  in  close  proximity,  as  was  predicted  by  Fee 
and  Gaber  ( 1972).  They  arc.  in  fact,  joined  by  a common  li- 
gand, which  is  the  imidazole  ring  of  histidinc-61 . In  addi- 
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Superoxide  Dismutase  and  the  Oxygen  Enhancement  of  Radiation 

Lethality' 

HAKA  P MISHA  and  IHWIN  KRIOOVK'H 
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t’si  ht’rtehia  roll  H wt*rf  more  susceplihle  to  raiiidtion  lethality  and  allowed  a greater 
oxygen  enhancetnenl  ratio  when  exp>)s«'d  in  dilute  suspension  11  s 10'’  cells/ml)  than 
when  exposed  in  dense  suspensions  tl  s 10“  cells'iiil'  I'he  oxygen  enhancement,  seen 
with  dilute  suspensions,  was  diininished  hy  superoxide  dismutase.  catalase,  mannitol, 
or  histidine  Heat-denatured  sutieroxuie  dismutase  was  without  elfect  The  results  are 
interpreted  as  indicating  a rule  tor  Oj  plus  H.t).  in  the  oxygen  enhancement  of  radia- 
tion lethality.  :i:id  a scheme  is  proposed  \rhich  is  consistent  with  the  .ihsertattons 


Kxpiisurf  i)t  Kui'hi  rii  hill  inli  H t<i  iixyi^t'ii 
tatisftl  ;tn  itKffttsi'  111  intratfliular  shikt- 
(i.xitif  (li.similasc  yyhicli  iiii  rclatt  cl  yyitli  in- 
t rt'asfti  ifsistani'c  ttivvaitls  tixym  n Itixicily 
(J,  '2>.  Thi.s  iiii)in')n>n  id  siipiTii.xiiip  dj.simi- 
ta.si'  liy  iiiiilfiiilar  ii.wnfii  wits  tiscti  In  ox- 
pilin'  thf  impiiH;UKi‘  tif  ( ).  in  ihe  oxyf:fn 
fithanci'inenl  til' liitiiatiiin  lethality  i.'h.  h 
coll  H vshu  h had  ht  i n gniyvri  anaernhitally 
and  yylmh  ctinsfiiiiently  had  a low  level  iif 
siipertixide  disniuta.se  were  eiiinparetl  with 
tells  yyhith  had  t’liiwn  aenihittilly  ;inil 
yyliith  hail  a higher  level  til  this  enzyme 
Since  supertixide  dismutase  is  an  ellet  tive 
.scavenger  iif'ft  anti  situf  the  ext  gen  en- 
hiincemeiit  rtilui  Itll'  Hi  ytas  the  stime  m 
the  tteruliieallv  gruuii  jis  in  tht  antierohi- 
rally  groiMi  cells,  it  was  cniultided  till  that 
()_  is  not  involveti  m the  oxvgeii  elfect  ll 
tan  be  argueti  th;it  the.se  experimt'itts 
tested  the  impnrtance  ol  intratelhilar  () 
but  not  of  extracellular  ()..  m the  OKH 
Furthermore.  superoxiile  tiismutiise, 
•iiideti  to  the  suspeiithng  medium,  has 
since  been  reported  to  protect  fetal  calf 

‘ 'I'hiN  \^^»rk  supjKulftl  !>>  KfM*arci»  (Iranis 

(iM  I(l’2H7  anti  HI,  17iin2  Inini  tin-  N.itionnI  Insti- 
(Mtes  of  Ht'alth.  Hilhrsda.  Md  .and  HAIK  ‘ *'174-1 1 
f'HM  from  iIh*  I'nUi  d Slalt  s Army  HrMi-anh  (dVui* 
Ht arch  Tnan^:l^■  I’ark.  N (' 

AI»l)rrv»iil)t»ns  list'd  OKK,  ox.vjjrn  rnhancfmt'nt 
ralio.  SOI),  supnroxidi'  disiiuilast- 


('opvrr>c)»t  Ii^7h  bv  Atadi-nac  Prf.t.**.  Inc 
All  of  ropritdiM  I ion  in  anv  lortn  re*sfrv»-<l 


myoblasts  (4l  and  Acholeplasnia  laullnicii 
(fii  against  rtidiation  lethality,  and  in- 
jected superoxide  dismutase  h;is  similarly 
been  reported  to  protect  mice  Itil,  It  is 
clearly  important  to  reinvestigate  the  role 
of  ()..  and  of  extracellular  events  in  the 
oxygen  effect  on  E.  colt  H The  results  re- 
ported below  indicate  that  ();  and  HjOi., 
generated  m the  surrounding  medium,  are 
importtint  intermediates  of  the  I1K,K  in  di- 
lute suspensions  of  K loli  H 

MATK.K1AI..S  ANT)  MKTffOftS 

’Prypt K aM*-su>  l»rt>lli  \sas  a prodncl  nl  thf  Hio* 
(|Ufsi  I)iNi>i<in  (it  lifit'in.  Dickinson  Y^ast  rxlract 
.ind  S.uto-Aniir  \m'H-  «*l)iaim'd  fr«»tn  Difeu  h.Siht- 
rnhtit  (t'fi  H \sa*' oIii.iiiumI  Imni  tin*  ,Anu*ricjin  Type 
rulliiM-  rollrtUnn.  A 1 I < «j:rj24  ThisorK.inism 

was  ►jniwn  a(  '17  C in  Jr<'p  slil)  liquid  medium  com- 
jMt.srd  ol'^i)  ol  tr>  pi  lease  st»\  and  5 of  > east  i-xt  rai  t 
per  liter  A ()  HI  inoculum  w as  grow  n overniplil  and 
I he  result  ant  slat  lonarv-phast  suspension  w,is 
waslu-d  once  and  was  then  diluted  to  10  cells/ml 
with  50  mM  |K»iassiutn  phosphate.  2 msi  Mj^SO.  at 
pH  7 n These  ci-ils  wen*  then  irradiated  in  a stirred 
shallow  l.iNei  in  plastic  |Hlri  dishes  under  a stream 
ti(  lUlered  air  or  ol  nilro^jen  The  nitroj*en  was 
pas.M'd  si'quenlialK  lhl•ou^’h  Kieser  solution  and  a 
water  .scruhlM'r  helore  heinj*  passed  over  the  cells  At 
least  15  inin  wa-*  alloweil  (or  equilihration  with  Hie 
^as  slit  am  helore  dtisin^;  with  X rays,  at  rotim  tem- 
perature I'he  X-ra>  source  was  a 1‘icker  X H.iy 
I'tiriHiration  industrial  unit,  equip^H'd  with  a Mach- 
lett  l,ahs  Type  AK(i  50  tube,  ojx  ratetl  at  171  V and 
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Knzyinatic  Defenses  Against  the  Toxicity  of  Oxygen  and  of 
Streptonigrin  in  tJscherichid  coli 
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Aiuierubicallv  ►jrnwii  Eschrnchni  coli  K-12  contain  only  one  siiperoxide  dis- 
iMUla^e  and  that  is  the  iron-containing  isozyme  found  in  the  penplasinic  space. 
Exposure  loicxy^eii  cau.Mul  the  induction  o(  a inan^janese-containing  su|H'roxide 
di-inutase  and  of  another,  previously  undescnhed.  superoxide  disniutase,  as 
Well  a."  of  caUilast*  and  {HToxidase.  These  inductions  difVered  in  their  rest)onsive- 
ness  t4»\\ards  oxygen  I’hu^  the  very  low  levels  of  oxy^^en  prest  ril  in  deep,  static, 
aerohic  cultures  were  enou^li  for  nearly  niaxwnal  induction  of  the  tnan^tane.-^e- 
sujH'roxide  disniutase  In  contrast,  induction  of  the  new  su^xToxide  disniutast*. 
catalase,  and  jvroxida.se  r»*(piired  the  much  hi^dier  levels  of  oxygen  achieved  in 
vigorously  a^Uat4‘d  aerobic  cultures  Anaerobically  ^Town  cells  shovM-d  a much 
^'ri  at«-r  oxyTtim  enhancement  of  the  lethality  4«f  siieptonl^Tin  than  <Iid  aerobi- 
c.dlv  j:rown  ci  lls,  in  accord  with  the  proj)o>al  that  "treplinu^rin  can  siave  as  an 
inlrat  elhilar  Nuurn*  ol  .•'U(H'rt»xide  An.nrolucally  ^^rovvn  cells  in  which  enzynu* 
indu. ! ion-  were  prev  entiul  b\  puroinvcin  were  dainii^jed  bv  ext>osure  to  an  'I'liis 
damage  w.is  twideiiced  lM>lh  as  a detline  in  vialile  ci*ll  cidinl  and  as  structural 
abnormality  s »*vident  uiuier  an  electnm  micnisco^Kv 


The  im|>ortance  of  superoxide  disniutase 
iSODi  as  a defense*  a^.iitwl  the  toxicity  4>f  oxv* 
jien  has  I)eet\  svipported  by  studies  of  the  induc- 
tion of  this  ailivity  in  h'st  hi-m  hm  toh  M E 
iolt  has  lH*en  reiMoTed  to  contain  two  sutx  rox- 
ide  ili.siiiuta.si'.s.  t»tu'  of  wh.uh  cont.iins  man 
^ane.se  • 12i  and  is  found  in  the  cel!  matrix  ( Hli. 
whereas  the  othir  'id’.t.iiiis  iron  tl7»  .unl  is 
found  in  ihi-  jH*riplasmii  st>ace  i Mb  Kxposure  of 
h.  colt  h to  owcieii  caused  .in  increase  in  man 
^ant-sf  contaminy  S(tl)  iMnSt)I)»  which  corre- 
lateil  with  a ^(ain  in  reswt.nue  tow.irds  hvper* 
baru  o\v^:en  (7.  Kn  St  replom^i  in  is  nune  toxic 
in  tfie  piest  nee  of  oxv^en  and  seems  t«i  function 
as  an  mtracelluhir  souix-e  of  (),  (lb,  J K. 
WhiU'.  T ()  Vaut;han  aiul  \V  S Yeh.  !Voc. 
Fed  Am  Sk-  Kxp  Miol  dthIM.S,  1971).  In 
accord  witli  this  view,  increased  levels  of 
MnSOI)  in  F,  colt  H also  correlated  with  resist- 
ance t<»wards  streptiiiup  in  (Hi  E colt  K-12 
aptH*aitu!  !*»  differ  from  E colt  in  its  responses 
to  oxv^eii  Phus.  transfer  from  static  aerohic 
cultures  to  forced  aeration  occasioned  an  induc- 
tion of  MnSt  )| ) in  I he  case  of /•>'  colt  hut  not  in 
E.  colt  K 12  i9i  However,  static  lutuid  culture 
IS  not  the  same  as  completely  anaerobic  culture, 
and  It  appeared  possilile  that  the  apparent  dif- 
ference Inlween  E.  colt  M and  E colt  K l2 
mi^'ht  Im*  quantitative  rather  than  qiuilitalive. 
Thus  E coil  K 12  miKhl  respond  to  such  low 
concentrations  of  oxyj'en  that  its  MnSO!)  was 


almost  fully  induced  hy  the  low  levels  of  ()- 
prestuU  in  static  liquid  cultures  U thus  ap- 
fH-ared  impoilanl  to  explon*  the  resjxinses  of  E. 
colt  K12  to  oxygen  The  induction  of  superox- 
ide disnujtasi  s.  catalase,  and  pt'roxidase  by  ox- 
VTieti  in  E tali  K 12  and  the  protection  affi)rdi*d 
hv  ihesi*  en/vmes  af^ainst  tiu*  toxicity  of  oxygen 
and  of  stn  ptoniKrm  form  the  substance  of  this 
report 

M.\TKKI\LS  .\M>  MKTIIOHS 

E cult  K Vlhis  fht  • A ft '(' 2.'l7iMl  was  grown  at 
37  ('  m a mrdiuin  containing  3S  Trvpluase  soy 
brolh  (Haltimore  biological  l.aboralone.s)  and  0.5^y 
yeast  extract  (l)ifco)  Aerobic  conditions  w-ore 
achieved  tiy  oscillation  of  100-ml  cnllures  in  5(K)-ml 
He) Ico  culture  flasks  at  200  rpm  on  a rotary  platform 
shaker  Static  culture  entailed  growth  in  full  flasks 
or  lest  lubes  without  agitation  Anaerohiosis  in- 
volved transfer  of  the  medium  directly  from  the 
auloilave  into  an  anaerobic  jar  (Hioquest)  followtKl. 
after  a delay  t>f  4H  h.  by  iiKKulation  and  grow'th  in  an 
anaen»hic  glove  box  H vdn»gen  ga.s  and  a palladium 
caUilysl  were  used  to  scavenge  oxygon  from  these 
anaerobic  chambers 

Cells  were  barve.sted  at  4'('  by  centrifugation  for 
15  min  at  10.000  x g and  were  washed  onc<*  with  0 1 
M potassium  phosphate  (pM  7 0i  Washed  cells  were 
suspended  in  0 05  M potassium  phosphate.  10  * M 
ethylenediaminetelraacelic  acid  (KIvj’.M  at  pH  7 8 
and  were  disrupted  for  3 min  with  a Hranson  V\’185 
sonifier.  opiTaled  at  an  output  of  70  W The  cell 
sus|H  nsion  was  kept  at  4 lofi'C  by  working  in  an  ice- 
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Superoxide  Dismutase:  A Photochemical  Augmentation  Assay' 

HARA  P.  MISRA  and  IRWIN  FRIDOVICH 


Dt'fxirtmvnt  of  Hiochvmistry , Duke  Dnnersit\  Meihcul  ('enter.  Durham,  Si>rth  Cariiliiui  27710 

Received  November  29.  197H 

Superoxide  dismutases  increase  ihe  rate  of  the  aerobic  photooxidaliori  (»f  dianisidine. 
sensitized  by  ntujflavin  This  rate  enhancement  ap[)»‘ars  to  lie  due  to  the  catalytic 
scaven^on^  of  ().  , which  would  otherwise  nullify  the  overall  photooxidalmn  l)V  reducmj» 
an  intermediau*  oxidation  state  (>f  the  dianisidme  The  efTect  (if  supenixule  dismutase 
thus  exptjses  a cyclical  oxidation-reduction  process,  whicli  would  otherwise  remain 
hidden  from  view  A sensitive  and  convenient  auf^mentation  assay  for  superoxide 
dismutase  has  been  devised  on  the  basis  of  this  effect  It  appears  to  be  remarkably  free  of 
interferences  and  can  be  applied  to  crude  soluble  extrails  of  bioloi^ical  samples 


Suporoxide  dismut;ist‘s  are  most  fre- 
quently assaytxi  hy  i()Ui)linf;  a ('cnerator  of 
O..  with  an  indicat  inti  scavenfier  for  this 
radical.  The  enzyme  ther.  competes  with 
the  scavenger  for  the  availat)le  t)..  and 
inhibits  the  process  being  oh.served.  I’he 
xanthine  oxidase  reaction,  as  a source  of 
()•  , has  thus  Ix'en  coupled  with  cyto- 
chrome c,  as  an  indicating  scavenger  of 
O;  Numerous  variations  on  this 

theme,  employing  other  sources  of  ( ),  and 
other  indicating  scavengers,  have  lieen  de- 
vrsed  tl,  .5-9).  Indeed,  substances  such  as 
epinephrine  (lOi.  li  hydrowdopaniine  ill), 
orpvrogallol  ; 12)  can  act  both  as  the  source 
oft),  and  as  the  indicating  scavenger  for 
this  radual  In  all  of  these  cases,  .SOI)-' 
aptH'ar.s  to  inhibit  .ind  is  me.isured  on  this 
basis 

Knzymes  a e usual  I v a.ssavtxl  in  tennsof 
augmentation  of  reaction  rates  and  at- 
tempts have  tn-en  made  tti  develop  an  aug- 
mentation assay  for  SOI)  One  such  assay 
has  been  ha.sed  ujxin  an  increa.se  in  the 
jKilarograpiii.  : ’duct ion  wave  for  oxygen 
at  a dropping  mercury  cath'xle  ll.'ll.  A 
.spectrophotoiTietnc  augmentation  assay 

' This  work  was  .supported  bv  KosiMirh  (irants 
(fM-I(l287  and  ifl-  17803  from  the  National  Insti- 
tutes of  Health.  Rfthfsda.  Maryland  arul  by  D.-VUC- 
0474  (10194  from  the  I'niU-il  States  Army  Research 
Office.  Research  Tnan^tle  Park 

* Abbreviations  usc*d  SOI),  sup<*n)Xidr  dismu- 
taso.  BeSOI),  bovine  erythroevU*  sujH*roxide  dismu* 
last*. 


for  .SOI)  would  be  desirable  and  one  has 
been  reported.  It  was  ha.sed  upon  the  abil- 
ity of  O.  to  inhibit  hor.seradish  peroxidase 
and  of  .son  to  prevent  this  inhibition  ill). 
We  now  report  a new  spectrophotornetric 
augmentation  assay  lor  .SOI)  which  is  sen- 
sitive, reproducible,  and  applicable  to 
crude  extracts  and  which  eliminates  the 
need  for  extraneous  enzymes,  such  as 
horseradish  peroxidase. 

M.VrKHIAl,.S  AND  MKI'UODS 

Riboflavin  wa^  obi. lined  from  Kastman  Organic 
('hemicals  and  ibanisidine  was  from  the  Sienna 
(’heniical  ('ompany  The  copper  zinc- SOI)  was  pre- 
part  <1  from  btivirie  erythrocstes  ill,  while  the  man- 
I'.inese  .Sol)  il5)  and  the  iron-.SOl)  ilfi)  were  pre- 
p.iivtl  fii*m  D'^hetxhta  etth  Illumination  for  the 
phoittchernical  reactions  was  provided  by  a pair  of 
par.illel  20-W  Sylvania  (iro-Lux  fluorescent  lubes 
mounted  on  H-in  centers  in  an  aluminum  foil-lined, 
open-ended  U)X  Reaction  mixtures  in  quartz  cu- 
vettes in  cuvette  holders  at  RKim  temperature  were 
placed  midway  between  the  fluorescent  lubes  and  at 
intervals  were  transferred  into  a (iilford  Model  2(KU) 
spectrophotometer  for  recording  of  absorbance 
Dianisidine  was  diNstilved  in  ethanol  to  0 01  M and 
ibis  etbanolic  stock  was  added  to  reaction  mixtures 
to  ^jive  the  de-'ired  final  concentration  All  other 
components  were  <Iissolved  in  0 010  m potassium 
pbospliau*  af  pH  7 5 


RKSUI.TS 

The  effect  of  SOI)  oti  the  photooxidation 
of  duiniaidine . Illumination  of  buffered 
aerobic  mixtures  of  riboflavin  and  dianisi* 


Copynjfht  t*  1977  by  Academic  Press.  Inc 
All  riijhts  of  reprcxluclion  in  any  form  reserved 


30H 


I.SSN  0003  9861 


BibI  iof^raphy 


1975  "Superoxide  Dismutases,"  I.  Fridovich,  Ann.  Rev.  Biochem.,  1^7. 

"Isolation  and  Characterization  of  a Manganese-Containing  Superoxide 
Dismutase  from  Yeast,"  S.  D.  Ravindranath  and  I.  Fridovich, 

J.  Biol.  Chem.,  230.  6107. 

"Oxygen,  Boon  and  Bane,"  I.  Fridovich,  American  Scientist  5^- 

"The  Role  of  Superoxide  Radical  in  the  Autoxidation  of  Cytochrome  £," 

R.  H.  Cassell  and  I.  Fridovich,  Biochemistry  ll , 1866. 

"a  Free  Radical  Pathology:  Superoxide  Radical  and  Superoxide  Dismutases," 

I.  Frido’.’lch.Ann . Rev.  Med.  Chem.,  257. 

"Superoxide,  Hydrogen  Peroxide  and  Singlet  Oxygen  in  Lipid  Peroxidation 
by  a Xanthine  Oxidase  System,"  E.  W.  Kellogg,  III  and  I.  Fridovich, 

J.  Biol.  Chem.  250.  8812-8817. 

"The  Interaction  of  Bovine  Erythrocyte  Superoxide  Dismutase  with  Hydrogen 
Peroxide;  Inactivation  of  the  Enzyme,"  E.  K.  Hodgson  and  I. 
Fridovich,  Biochemistry  529^-5299. 

"The  Interaction  of  Bovine  Erythrocyte  Superoxide  Dismutase  with 

Hydrogen  Peroxide:  Chemiluminescence  and  Peroxidation,"  E.  K. 
Hodgson  and  I.  Fridovich,  Biochemistry  lU , 5299-5303. 

1976  "Oxygen  Radicals,  Hydrogen  Peroxide  and  Oxygen  Toxicity,"  I.  Fridovich. 

In  Free  Radicals  in  Biology,  Volume  I,  W.  A.  Pryor,  ed..  Academic 
Press,  pp.  239-277. 

"a  Convenient  Calibration  of  the  Clarke  Oxygen  Electrode,"  K.  P.  Mdsra 
and  I.  Fridovich,  Anal.  Biochem.  70_,  632-63^. 

"The  Mechanism  of  the  Activity-Dependent  Luminescence  of  Xanthine 

Oxidase,"  E.  K.  Hodgscn  and  I.  Fridovich,  Arch.  Biochem.  Biophys . 

172.  202-205. 

"The  Oxidation  of  Phenylhydrazine : Superoxide  and  Mechanism,"  H.  P. 
Misra  and  I.  Fridovich,  Biochemistry  13 , 68I-687  (1976). 

"The  Accumulation  of  02~  during  the  Aerobic  Action  of  Xanthine  Oxidase: 

A Requiem  for  H20j^”."  E.K.  Hodgson  and  I.  Fridovich,  Biochim. 
Biophys.  Acta  L30 , I82-I88. 

"Superoxide  Dismutase:  Reversible  Removal  of  Manganese  and  Its  Substi- 
tution by  Cobalt,  Nickel  or  Zinc."  D.  E.  Ose  and  I.  Fridovich, 

J.  Biol.  Chem.  2^,  1217-1218. 

"Superoxide  Dismutases:  Studies  of  Structure  and  Mechanism."  I. 

’ PYidovich,  Advan.  Exp.  Med.  Biol.  7ji_,  530-539. 


"Superoxide  Dismutase  in  the  Rat  and  Mouse  as  a Function  of  Age  and 
Longevity."  E.  W.  Kellogg,  III  and  I.  Fridovich.  J.  Gerontol. 
1^05-1*08. 

"Superoxide  and  Hydrogen  Peroxide  in  Oxygen  Damage."  F.  J.  Yost,  Jr. 
and  I.  Fridovich,  Arch.  Biochem.  Biophys . 17^ , 51^-519- 

"Superoxide  Dismutase  and  the  Oxygen  Enhancement  of  Radiation  Lethality. 
H.  P.  Misra  and  I.  Fridovich.  Arch.  Biochem.  Biophys.  176 , 577-581 

"Enzymatic  Defenses  Against  the  Toxicity  of  Oxygen  and  of  Streptonigrin 
in  Escherichia  coli  K12."  H.M.  Hassan  and  I.  Fridovich.  J. 
Bacteriol.  12^ , 157i4-1583. 

"Superoxide  Dismutase:  Positive  Spectrophotometric  Assays."  H.  P. 

Misra  and  I.  Fridovich.  Anal.  Biochem.  79.,  553-560. 

"Superoxide  Dismutase:  A Photochemical  Augmentation  Assay."  H.P. 

Misra  and  I.  Fridovich.  Arch.  Biochem.  Biophys.  l8l , 308“312. 

"The  Physiological  Function  of  Superoxide  Dismutase  in  Escherichia 
coli  K12:  Studies  of  Glucose-Limited  Chemostat  Cultures." 

H.  M.  Hassan  and  I.  Fridovich.  J.  Bacteriol.  130 , 805-811. 

"Oxygen  is  Toxic."  I.  Fridovich.  Bioscience,  in  press. 

"Purification  and  Properties  of  Superoxide  Dismutase  from  a Red  Alga 
Porphyridium  cruentum."  H.  P.  Misra  and  I.  Fridovich.  J.  Biol. 
Chem. , in  press . 

"Molecular  Oxygen  and  Superoxide  Dismutase:  Environmental  Threat 
and  Biological  Defense."  I.  ''^lidovich.  In  International 
Symposium  on  the  Frontiers  in  Physico-Chemical  Biolog.y  (B. 

Pullman,  ed.).  Academic  Press,  London,  in  press. 

"Liposome  Oxidation  and  Erythrocyte  Lysis  by  Enzymically-Generated 
Suporoxide  and  Hydrogen  Peroxide."  E.  W.  Kellogg  III  and  I. 
Fridovich.  J.  Biol.  Chem.,  in  press. 

"Intracellular  Localization  of  the  Superoxide  Dismutases  of  Escherichia 
coli : A Reevaluation."  I.  Fridovich  and  L.  Britton.  J.  Bacteriol 
in  press . 


